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Neuronal discharges in the primate temporal lobe,
but not in the striate and extrastriate cortex, reliably
reflect stimulus awareness. However, it is not clear
whether visual consciousness should be uniquely
localized in the temporal association cortex. Here
we used binocular flash suppression to investigate
whether visual awareness is also explicitly reflected
in feature-selective neural activity of the macaque
lateral prefrontal cortex (LPFC), a cortical area recip-
rocally connected to the temporal lobe.We show that
neuronal discharges in the majority of single units
and recording sites in the LPFC follow the phenom-
enal perception of a preferred stimulus. Furthermore,
visual awareness is reliably reflected in the power
modulation of high-frequency (>50 Hz) local field
potentials in sites where spiking activity is found to
be perceptually modulated. Our results suggest
that the activity of neuronal populations in at least
two association cortical areas represents the content
of conscious visual perception.
INTRODUCTION
The neural signature of visual consciousness can be detected in
the electrical activity of multiple cortical areas across the visual
hierarchy, during tasks that permit a dissociation of purely
sensory stimulation from subjective perception. Binocular rivalry
(BR) and binocular flash suppression (BFS) are extensively used
paradigms of such ambiguous stimulation in which two dispa-
rate visual patterns, presented at corresponding parts of the
two retinas, compete for access to perceptual awareness.
Electrophysiological recordings combined with BR and/or
BFS showed a stronger correlation between conscious visual
perception and neuronal activity in higher association areas of
the cortex. In the primary visual cortex (V1) and visual area V2,924 Neuron 74, 924–935, June 7, 2012 ª2012 Elsevier Inc.only 14% of the recorded sites and 20%–25% of single units
fired more when a preferred stimulus was consciously perceived
(Gail et al., 2004; Keliris et al., 2010; Leopold and Logothetis,
1996). In cortical areas V4 and MT, single unit activity (SUA)
was also weakly correlated with perceptual dominance since
only 25% of the recorded population was found to discharge in
consonance with the perceptual dominance of a preferred stim-
ulus (Leopold and Logothetis, 1996; Logothetis and Schall, 1989;
Maier et al., 2007). Interestingly, V4 and MT showed significant
traces of nonconscious stimulus processing since a fraction of
the perceptually modulated selective neurons (13% and 20%,
respectively) fired more when their preferred stimulus was
perceptually suppressed. In striking contrast, almost 90% of
the recorded units in the superior temporal sulcus (STS) and infe-
rior temporal (IT) cortex reflected the phenomenal perception of
a preferred stimulus (Sheinberg and Logothetis, 1997). Similar
results were obtained from recordings in the human medial
temporal lobe (MTL), where two thirds of the sensory selective
neurons fired more during the phenomenal perception of their
preferred stimulus (Kreiman et al., 2002). Furthermore, noncon-
scious stimulus processing was absent in human MTL and
macaque STS/IT cortex, where none of the modulated cells
consistently fired more during the perceptual suppression of
a preferred stimulus.
These findings led to the hypothesis that perceptually modu-
lated activity in early, extrastriate cortical areas reflects compet-
itive interactions mediating image segmentation, figure-ground
segregation, and perceptual grouping, mechanisms that give
rise to perceptual organization and, therefore, subjective visual
perception (Blake and Logothetis, 2002; Logothetis, 1998). In
contrast, perceptually modulated activity in the temporal lobe
represents a final stage of cortical processing, beyond the reso-
lution of ambiguities in the sensory environment, where neural
activity explicitly represents the content of visual consciousness
(Blake and Logothetis, 2002; Logothetis, 1998). However, the
temporal cortex is not the final endpoint of the ventral visual pro-
cessing stream. The STS/IT cortex is reciprocally connected to
visual areas of the lateral prefrontal cortex (LPFC) (Barbas,
1988; Borra et al., 2010; Webster et al., 1994; Yeterian et al.,
2012) where neuronal activity, including single units, is also
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Visual Awareness in the Prefrontal Cortexknown to respond selectively to faces and complex visual
objects similar to the perceptually modulated cells found in the
STS/IT cortex (Pigarev et al., 1979; O´ Scalaidhe et al., 1997,
1999; Tsao et al., 2008). Thus, an intriguing question is whether
such feature-selective neuronal activity in the LPFC correlates
with phenomenal perception under conditions introducing
perceptual ambiguity.
Previous studies provided strong evidence supporting
a role for the LPFC in spontaneously induced perceptual alterna-
tions. For example, patients with widespread prefrontal cortex
lesions show abnormal perceptual transitions during bistable
perception (Meenan and Miller, 1994; Ricci and Blundo, 1990;
Windmann et al., 2006; but see Valle-Incla´n and Gallego,
2006). In addition, human functional magnetic resonance
imaging (fMRI) studies repeatedly revealed an increase in
the blood-oxygenation-level-dependent (BOLD) signal of the
inferior prefrontal gyrus during endogenously triggered percep-
tual alternations compared to purely sensory stimulus transitions
(Lumer et al., 1998; Sterzer and Kleinschmidt, 2007; Zaretskaya
et al., 2010). More recently, a direct neuronal correlate of percep-
tual transitions was identified in the firing rate modulation of
neurons in the macaque frontal eye fields, which predicted
perceptual alternations during the bistable paradigm of
motion-induced blindness (Libedinsky and Livingstone, 2011).
Although these findings undoubtedly demonstrate a crucial
contribution of the LPFC in perceptual transitions, no studies
have yet been undertaken to examine perceptual modulation
of feature selective neural activity in the LPFC during incongruent
visual input. This is particularly important since the maintenance
of feature-selective neuronal activity under conditions of visual
ambiguity is thought to be a prerequisite for visual conscious-
ness, allowing and reflecting explicit neural processing of the
perceived stimulus (Crick and Koch, 1998, 2003).
Here we studied whether spiking activity and local field poten-
tials (LFPs) in the LPFC represent the perceptual dominance of
a preferred stimulus during 1 s of visual ambiguity externally
induced by BFS. Our results show that feature-selective spiking
activity and the power of high-frequency gamma oscillations in
the LPFC largely reflect the content of subjective visual percep-
tion. Some weak traces, compared to primary and secondary
sensory areas, of nonconscious stimulus processing were also
observed in the spiking activity during the perceptual dominance
of a nonpreferred stimulus.
RESULTS
BFS
We recorded simultaneously neuronal discharges and LFPs in
the LPFC of two alert macaques during a passive fixation task
that included randomly interleaved trials of physical alternation
and BFS. BFS constitutes a highly controlled variant of BR that
has been extensively used to dissociate subjective visual
perception from purely sensory stimulation (Kreiman et al.,
2002; Maier et al., 2007; Sheinberg and Logothetis, 1997; Wolfe,
1984). The BFS (‘‘perceptual’’) trials, as well as the physical
(‘‘sensory’’) alternation of the visual stimuli that was used as
a control condition, are depicted in Figure 1. Every trial starts
with the presentation of a fixation spot in both eyes that is binoc-ularly fused and remains on until the end of the trial. In both
sensory (Figure 1A, upper panel, ‘‘Physical alternation’’) and
perceptual (Figure 1A, lower panel, ‘‘Flash suppression’’) trials,
a fixation spot was presented for 300 ms followed by monocular
stimulation with the same visual pattern (a polar checkerboard in
the paradigm presented in the figure). In perceptual trials, 1 s
after stimulus onset, a disparate visual pattern (here, a monkey
face) is suddenly flashed to the corresponding part of the contra-
lateral eye. It has been repeatedly shown that, in both humans
and monkeys, the flashed stimulus remains dominant for at
least 1,000 ms, robustly suppressing the perception of the
contralaterally presented visual pattern that is still physically
present (Wolfe, 1984; Sheinberg and Logothetis, 1997; Keliris
et al., 2010). We provide additional behavioral evidence for the
robust suppression elicited by our paradigm in Figure S1, avail-
able online. The mean dominance time of the flashed stimulus
was almost 2 s for a separate monkey that was trained to report
BFS after the end of our electrophysiological recordings. Thus,
in perceptual trials, a visual competition period dissociating
sensory stimulation from perception is externally induced for
at least 1,000 ms. During this period, the newly presented image
is perceptually dominant while the initially presented visual
pattern is perceptually suppressed despite its physical presence
in the retina (Figure 1A, middle panel). In sensory trials, the
same visual patterns physically alternate between the two
eyes, resulting in a visual percept identical to the perceptual
condition but this timewithout any concurrent visual competition
(Figure 1A, upper panel). Specifically, after 1 s of visual stimula-
tion, the initially presented pattern is removed and immediately
followed by the presentation of the disparate pattern in the
contralateral eye.
SUA in the LPFC Follows Phenomenal Perception during
BFS
We recorded the spiking activity from 211 recording sites
(n = 577 cells) in the LPFCs of two alert monkeys. We focused
our analysis on cells exhibiting feature-selective spiking activity,
detected during the monocular presentation of two disparate
stimuli in physical alternation trials. We examined whether signif-
icant sensory feature selectivity was maintained, eliminated, or
reversed during subjective visual perception of the same visual
patterns (i.e., during BFS). In addition, we studied whether
feature selectivity was developed during BFS across sensory
nonselective units.
We found that 19% of the total sample of recorded cells
(n = 110/577) exhibited a statistically significant preference
(i.e., they fired more) for one of the two monocularly presented
stimuli in the physical alternation condition (Wilcoxon rank-sum
test, p < 0.05). Our results show that 58% of the single units
showing such a significant sensory preference in the physical
alternation condition were also significantly modulated during
BFS (n = 64/110; Figure 2A). During BFS, almost all of these units
(n = 61/64, or 95%) maintained the same stimulus preference
that was observed during monocular physical alternation, indi-
cating only weak traces of nonconscious stimulus processing
(Figure 2A). The magnitude of perceptual modulation for sensory
modulated units shows that SUA in the LPFC follows phenom-
enal perception much more efficiently than SUA in lower visualNeuron 74, 924–935, June 7, 2012 ª2012 Elsevier Inc. 925
Figure 1. Behavioral Task and Typical Single Unit Modulation
(A) Physical alternation (upper panel) and BFS (lower panel) paradigm. For psychophysical measurements demonstrating the duration of perceptual suppression,
see also Figure S1.
(B) Example raster plots (in 20 ms time bins) and mean discharge responses for a single unit showing a strong preference for a monkey face during both physical
alternation (left panel) and BFS (right panel). Stimuli insets depict the perceived visual pattern.
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perceptual modulation across all 110 sensory modulated units
was significantly decreased compared to their mean sensory
modulation (54% of sensory modulation; d0sensory SUA = 0.46 ±
0.06 and d0perceptual SUA = 0.25 ± 0.07, Wilcoxon rank-sum test
p < 0.001; Figure 2A). However, albeit significantly reduced
compared to monocular stimulation, the magnitude of the
observed modulation is much higher than the respective modu-
lation of sensory tuned single units during BFS in V1 (reported to
be 15% of sensory modulation; see Keliris et al., 2010). At the
same time, these findings show that the percentage of both
sensory and perceptually modulated LPFC cells is considerably926 Neuron 74, 924–935, June 7, 2012 ª2012 Elsevier Inc.smaller (almost 60%) than the respective percentage (almost
90%) found in STS/IT (Sheinberg and Logothetis, 1997) but
very similar to the percentage of perceptually modulated cells
found in the human MTL during BFS (67%; Kreiman et al., 2002).
This relative discrepancy between STS/IT and LPFC could be
attributed to two different reasons. First, it is possible that
perceptual modulation reaches a maximum in intermediate
cortical areas (like STS/IT) and is lower in the LPFC or the MTL
(Crick and Koch, 1998; Kreiman et al., 2002). The second reason
is related to the magnitude of selectivity of the single units under
study. Cells with stronger modulation during monocular stimula-
tion could be much more prone to retain this modulation under
Figure 2. Sensory versus Perceptual Modulation
of Neuronal Discharges
(A) Scatterplot of sensory versus perceptual preference
(d0 ) for all 577 recorded single units. Grey dots represent
single units showing no significant modulation in either of
the two conditions. Green dots represent units showing
significant modulation during both physical alternation
and BFS. Red dots represent units that showed only
significant sensory preference. Blue dots depict single
units that exhibited significant modulation only during the
BFS condition. Only 5% of the sensory modulated units
(green dots, n = 3/64) fired more when their preferred
stimulus was perceptually suppressed (represented here
by a negative d0 value). The large majority of perceptually
modulated single units followed phenomenal perception.
For typical examples of perceptually modulated single
units, see Figure S2.
(B) Significant modulation during both physical alternation
and BFS is more likely for units showing high sensory
selectivity (d0 > 1).
(C) Same as (A) for MUA. Here, each point represents the
sensory versus perceptual selectivity (d0) of the summed,
local spikingactivitywithinacortical site. Thespikingactivity
in the largemajority of sensorymodulated sites followed the
phenomenal perception of a preferred stimulus.
(D) Same as (B) for MUA. Perceptual modulation is more
likely for units showing stronger sensory selectivity
(d0 > 1). Insets in bars in (B) and (D) show the ratio: number
of sensory and perceptually modulated/number of
sensory modulated cells.
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record from STS/IT cells with very strong sensory modulation,
while the single unit population in our study shows a higher vari-
ability in the degree of sensory modulation. Indeed, we observed
that, when units with very high sensory modulation were
selected (d0sensory SUA > 1), the percentage of significantly
sensory and perceptually modulated units in the LPFC increased
to the levels reported for the STS/IT cortex (Figure 2B). Specifi-
cally, 89% (n = 25/28) of sensory modulated single units
were found to be significantly modulated during BFS when
d0sensory SUA > 1. Only 4% of these units (n = 1/25) reversed
their preference during BFS (analysis of variance [ANOVA],
Stimulus 3 Condition interaction effect, p < 0.05).
Furthermore, when our statistical criteria weremore conserva-
tive and the p values of the firing rate differences in the physical
alternation condition were corrected for multiple comparisons,
the percentage of single units found to be both sensory and
perceptually modulated further increased. Specifically, when
we performed a multiple comparison correction of the firing
rate differences in the physical alternation condition using the
false discovery rate (FDR) method (Benjamini and Hochberg,
1995), we found that 76% of the single units were significantly
modulated during both physical alternation and BFS (n =
48/63, q < 0.05). Almost all of these perceptually modulated cells
(n = 46/48, 96%) maintained the same stimulus preference
during BFS. Therefore, FDR correction decreased the total
number of neurons (n = 63/577, or 11%of the total sample) found
to be sensory modulated. However, the proportion of sensory
modulated neurons found to maintain their selectivity during
BFS was higher (75%) compared to the percentage obtained
in the initial analysis, performed without multiple comparisonscorrection (58%). These results place the perceptual responses
of feature-selective single units in the LPFC closer to the modu-
lation observed in STS/IT and MTL, where the large majority of
sensorymodulated cells retain their preference during subjective
visual perception (Kreiman et al., 2002; Sheinberg and Logothe-
tis, 1997), than to V1/V2, V4, and MT, where the majority of
sensory modulated cells are not perceptually modulated. More-
over, in contrast to LPFC and the temporal cortex, 20%–50% of
the perceptually modulated cells in striate/extrastriate areas
reverse their selectivity and fire more when their preferred stim-
ulus is perceptually suppressed (Keliris et al., 2010; Leopold and
Logothetis, 1996; Logothetis and Schall, 1989).
Monocular switching between preferred and nonpreferred
visual patterns resulted in large modulations of the mean spiking
activity that lasted for the total duration of visual stimulation (Fig-
ure 3A). Following monocular, sensory stimulus alternation from
a nonpreferred to a preferred pattern, spiking activity increased
and peaked at approximately 200 ms following the stimulus
switch. In trials where a stimulus switch to a nonpreferred visual
pattern followed monocular stimulation of the contralateral eye
with a preferred stimulus, firing rate decreased. The difference
in the mean population firing rate elicited by stimulation with
a preferred and a nonpreferred visual pattern was significantly
higher than zero for the total duration of visual stimulation
following the stimulus switch (running Wilcoxon signed-rank
test, p < 0.05, for all time points examined; Figures 3C and 3D).
The mean population discharge response during subjective
visual perception of the same stimuli showed a very similar
pattern (Figure 3B). During BFS, perceptual dominance of
a preferred stimulus resulted in a significant increase of the
mean population firing rate, similar to the increase observedNeuron 74, 924–935, June 7, 2012 ª2012 Elsevier Inc. 927
Figure 3. Mean SUA Population Response during
Physical Alternation and BFS
(A) Mean population SUA averaged across units showing
significant sensory modulation during physical alternation.
Blue curve depicts the mean SUA when visual stimulation
starts from a nonpreferred stimulus followed by switching
to a preferred visual pattern. Red curve depicts the mean
SUAwhen visual stimulation starts with a preferred pattern
followed by switching to a nonpreferred stimulus in the
contralateral eye.
(B) Same as (A) for BFS. Perceptual dominance of
a preferred stimulus (blue, t = 1,001–2,000 ms) results in
increased spiking activity similar to that observed during
physical alternation of the same stimuli. When the same
stimulus is perceptually suppressed (red, t = 1,001–2,000),
the mean SUA remains suppressed.
(C) Mean firing rate difference (nonpreferred  preferred)
averaged across all significantly sensory modulated units
during physical alternation (green curve) and BFS (orange
curve) for the whole duration of visual stimulation. The
mean firing rate difference was lower during BFS
compared to physical alternation but still significantly
higher than zero from t = 1,001–2,000 (running Wilcoxon
signed-rank test, p < 0.05 for all time points examined).
(D) Mean sensory (green curve) and perceptual (orange
curve) ± SEM (thin lines) selectivity (d0) following a physical
or perceptual stimulus transition. The magnitude of
selectivity during BFS was high, albeit lower than the
selectivity observed during physical alternation. Selec-
tivity exhibited adaptation during the perceptual domi-
nance of a preferred pattern but lasted for almost the
whole second of visual competition. Firing rate difference
(C) and d0 (D) were computed for 10 ms time bins.
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a nonpreferred pattern in the contralateral eye that was now
perceptually suppressed. In a similar fashion, a pattern identical
to the physical alternation was obtained when a preferred stim-
ulus was perceptually suppressed (see Figures 1B and S2 for
typical examples of modulated neurons). Although spiking
activity was not suppressed to the full extent that was observed
during monocular stimulation with a nonpreferred visual pattern
(see red curves in Figures 3A and 3B and compare the green/
orange curves in Figure 3C), we did not observe any significant
differences in the magnitude of this suppression. In particular,
only three time bins showed a significantly higher firing rate
during the suppression of a preferred stimulus compared to
the respective monocular condition (running Wilcoxon signed-
rank test, p < 0.05). Overall, the SUA pattern shows that the
magnitude of SUA perceptual modulation observed in the
LPFC is very similar to the magnitude reported in temporal areas
(Kreiman et al., 2002; Sheinberg and Logothetis, 1997) during
BFS and BR. Similar mean population firing rate patterns were
observed when our analysis was focused only on the 63 single
units that survived the FDR correction.
We also found that 9%of the total number of sampled neurons
(n = 54/577) significantly modulated their mean firing rate only
during the BFS trials (Wilcoxon rank-sum test, p < 0.05; Fig-
ure 2A). The existence of such, purely perceptually modulated,
cells has been previously reported in other cortical areas during
paradigms like BFS and BR. In our LPFC recordings, the928 Neuron 74, 924–935, June 7, 2012 ª2012 Elsevier Inc.frequency of recording from such neurons appeared to be
much higher (46% of the total number of modulated cells during
the BFS condition; n = 54/118) than the respective percentage
observed in cortical areas lower in the visual hierarchy, like V1
(10%, n = 10/104; Keliris et al., 2010), V4 (30%, n = 8/26; Leopold
and Logothetis, 1996), and MT (26%, n = 12/46; Logothetis and
Schall, 1989). However, encountering such cells ismost likely the
result of weak and variable stimulus preferences. In our data,
when interaction effects (Stimulus 3 Condition) were explicitly
tested using an ANOVA, only 2% of cells (n = 10/577) were found
to be significantly modulated (p < 0.05) only during BFS.
MUA in the LPFC Follows Phenomenal Perception
during BFS
We also studied whether local cortical processing reflected in
the local population spiking activity within a prefrontal cortical
site could represent subjective visual perception. When non-
sorted multiunit spiking activity was examined (MUA, i.e., the
sum of the spikes recorded from a tetrode before spike sorting),
we found further evidence that the spiking activity of neuronal
populations in the LPFC follows reliably phenomenal perception.
Our results show that 20% of the total number of recorded
sites (n = 42/211) were significantly modulated during physical
alternation (Wilcoxon rank-sum test, p < 0.05). In the large
majority of these sites, MUA was also found to be significantly
modulated during BFS (n = 31/42, or 74%). During BFS, sensory
preference was retained in 94% (n = 29/31) of these sites, and in
Figure 4. Mean MUA Population Response during
Physical Alternation and BFS
(A) Mean MUA population response during physical
alternation, averaged across sites where spiking activity
showed significant sensory modulation. Activity reflects
monocular stimulus transitions between preferred and
nonpreferred visual patterns (similar to Figure 3A).
(B) Same as (A) for BFS. Modulation of local spiking
activity is largely retained during subjective visual
perception.
(C) Mean firing rate difference (nonpreferred  preferred)
during physical alternation (green curve) and BFS (orange
curve) averaged across all sensory modulated units for the
whole duration of visual stimulation. The mean firing rate
difference was lower during BFS (orange) compared to
physical alternation (green) but still significantly higher
than zero (running Wilcoxon signed-rank test, p < 0.05 for
all time points examined).
(D) Sensory versus perceptual selectivity during the last
second of visual stimulation. Perceptual modulation was
reduced compared to physical alternation but remained
above zero for most of the duration of visual competition.
Firing rate difference (C) and d0 (D) were computed for
10 ms time bins. See also Figures S3 and S4.
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Visual Awareness in the Prefrontal Cortexonly 6% of the sites (n = 2/31), neuronal discharges were found
to reverse their preference and increased their firing rate when
a preferred stimulus was perceptually suppressed (ANOVA,
Stimulus3 Condition interaction effect, p < 0.05). We compared
the magnitude of sensory and perceptual modulation for the 42
MUA sites found to be significantly modulated during physical
alternation (Figure 2C). We found that MUA modulation during
BFS was significantly decreased and reached 56% of the
modulation observed during physical stimulus alternation
(d0sensory MUA = 1.1 ± 0.14 and d0perceptual MUA = 0.62 ± 0.13, Wil-
coxon rank-sum test p = 0.019). Both distributions were signifi-
cantly different from zero (t test, p < 109 for d0sensory MUA, p <
106 for d0perceptual MUA), thus indicating that the level of mean
perceptual modulation was also adequate to distinguish
between preferred and nonpreferred stimuli during subjective
perception. Similar to SUA, we found that in cases where
MUA exhibited a particularly strong sensory modulation
(d0sensory MUA > 1), the percentage of perceptually modulated
recording sites was even higher. In such strongly modulated
cases, 92% of the sensory selective recording sites (n = 12/13)
were also significantly modulated during BFS (Figure 2D). Only
one (or 8%) of these recording sites was found to increase its
firing rate during the perceptual suppression of its preferred
visual pattern (ANOVA, Stimulus 3 Condition interaction effect,
p < 0.05). These results were not different following an FDR
correction of the initially obtained p values for the MUA physical
modulation. Specifically, 23 of the initial 42 sensory modulated
sites survived the multiple comparisons correction (q < 0.05),Neuron 74and 21/23 sites retained the same stimulus pref-
erence during BFS. Finally, similar to purely
perceptual modulations observed for SUA,
the MUA in 17 recording sites was found to
be significantly modulated during BFS but
not during the physical alternation of thesame visual patterns (Wilcoxon rank-sum test, p < 0.05; Fig-
ure 2C). However, when an ANOVA was used, only six sites
showed a significant (p < 0.05) interaction effect.
The MUA perceptual modulation observed in the LPFC is
significantly higher than the respective modulation observed in
V1 during BR, where only 30% of the sensory modulated MUA
sites were also found to be perceptually modulated (Gail et al.,
2004). Moreover, in more than half of these modulated V1 sites,
firing rate increased when a preferred stimulus was perceptually
suppressed. Thus, our results show that the sumof LPFC spiking
activity measured on a local scale reflects accurately the
outcome of subjective visual perception.
Figure 4A depicts the mean MUA activity averaged across the
42 sensory modulated sites during physical alternation. MUA
dramatically increasedfollowingamonocularswitch toapreferred
stimulus while it decreased when a preferred stimulus was
physically removed and replaced from a nonpreferred pattern
(Figure 4A). The mean MUA rate pattern obtained for BFS was
remarkably similar to that for physical alternation (Figure 4B).
We note that, although MUA activity closely follows phenomenal
perception when a preferred stimulus is dominant, we observed
an absence of suppression in the spiking activity when the
preferred stimulus undergoes perceptual suppression (cf. the
red curves in Figures 4A and 4B and the green/orange curves in
Figure 4C). In 30% of the 10-ms-wide time bins used to average
spiking activity following the onset of flash suppression, the
mean MUA activity was found to be significantly higher during
the perceptual dominance of a nonpreferred stimulus, compared, 924–935, June 7, 2012 ª2012 Elsevier Inc. 929
Figure 5. Mean LFP Modulation for All Recorded
Sites with Significant Sensory Modulation
(A) Mean power spectra for a period of 1,000 ms following
a stimulus switch (t = 1,001–2,000 ms) across all sites
showing significant MUA modulation during physical
alternation. Note the dominant LPFC beta rhythm
(15–35 Hz) appearing as a distinct peak in the power
spectra. When a preferred (determined by using MUA
modulation as a criterion) stimulus was perceived (blue)
oscillatory power in the high frequency gamma range
(here, 50–140Hz)was higher compared to themeanpower
during the monocular presentation of a nonpreferred
pattern (red). No effect is observed in the beta band.
Spectral power peak in 50 Hz reflects power line noise.
(B) Same as (A) for BFS. Oscillatory power in the high-
frequency range was increased when a preferred stimulus
was perceptually dominant (blue) compared to the
respective power when the same stimulus was percep-
tually suppressed (red). LFPpower in frequencies between
15 and 30Hz decreasedwhen a preferred (by theMUAand
high-frequency LFP power) stimulus was perceptually
dominant compared to the power measured during its
perceptual suppression. Insets in (A) and (B) are magnified
plots of the high-frequency spectral differences.
(C) Quantification of the mean power difference, observed
in (A) and (B), between preferred and nonpreferred stim-
ulus for physical alternation (green curve, mean [thick
lines] ± SEM [thin lines]) and BFS (orange curve, mean
[thick lines] ± SEM [thin lines]). For frequencies higher than
50 Hz, oscillatory power was higher when a preferred stimulus was perceived without significant difference between purely sensory stimulation and BFS. In
frequencies between 15 and 30 Hz, there is a trend of oscillatory power to decrease during the perceptual dominance of a preferred stimulus in BFS (black arrow).
(D) Same as (C), using the d0 as a measure of LFP power modulation. Similar to (C), there are no remarkable differences in the modulation of high frequencies
between physical alternation and BFS. Intermediate frequencies (15–30 Hz) decrease during the perceptual dominance of a preferred stimulus (black arrow). See
also Figure S5.
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Visual Awareness in the Prefrontal Cortexto monocular stimulation with a nonpreferred pattern. This result
shows that, despite perceptual suppression and robust modula-
tion of spiking activity during the dominance of a preferred stim-
ulus, weak traces of nonconscious stimulus processing are still
observed in the LPFC, in particular when the sum of spiking
activity in local sites is examined (see also Figure S3). It would
be of great interest to monitor the dynamics of this activity during
spontaneous perceptual alternations and determine whether
these intrinsically drivenchanges in theperceptual statearecorre-
latedwithchanges in the subliminal process reported in this study.
Finally, we observed a significant difference in the sensory and
perceptual selectivity latencies across all sensory modulated
sites, with perceptual preference arising approximately 60 ms
later compared to physical alternation (latencysensory MUA =
169 ± 20 ms; latencyperceptual MUA = 223 ± 23 ms; Wilcoxon
signed-rank test p = 0.018; Figure S4).
For both SUA and MUA, we did not find a significant preva-
lence of preference for one of the two stimuli used. In the past,
face selective and complex pattern selective cells have both
been described in the inferior convexity of the macaque PFC
(O´ Scalaidhe et al., 1997, 1999).
LFP Power Modulation during Subjective Visual
Perception in the LPFC
We further studied whether synchronized neural activity in the
LPFC, asmeasured in the power of LFPs recorded froma cortical
site, reflected subjective visual perception. We focused our anal-930 Neuron 74, 924–935, June 7, 2012 ª2012 Elsevier Inc.ysis on LFP signals recorded at the 42 sites where MUA was
found to be sensory selective. The LFP power spectra in the
LPFC show a distinctive pattern, with high oscillatory power in
low (1–8 Hz) but also in intermediate frequencies between
15–35 Hz, classically defined as the ‘‘beta’’ band (Figures 5A
and 5B). We observed that high frequencies that had low spec-
tral power were more consistently modulated. We found that
high-frequency (>50 Hz) oscillatory power exhibited relatively
modest but significant sensory preference for the same visual
pattern preferred by MUA (Figure 5A). Specifically, we observed
a significant, albeit modest, mean power increase in all frequen-
cies above 50 Hz during monocular, sensory stimulation with
a preferred stimulus, compared to visual stimulation with a non-
preferred pattern (running Wilcoxon signed-rank test, p < 0.05)
while lower frequencies (<50 Hz) were not significantly modu-
lated (p > 0.05). The mean power modulation across the same
recording site for frequencies higher than 50 Hz was very similar
during BFS and, most important, not significantly different from
the modulation observed during physical alternation. Therefore,
the overall magnitude and pattern of high-frequency modulation
during conscious perception was remarkably similar to the
pattern observed during monocular sensory stimulation.
To eliminate the possibility of spectral contamination of the
gamma LFP power from the low frequency components of spike
waveforms (Bair et al., 1994; Liu and Newsome, 2006; Pesaran
et al., 2002; Ray and Maunsell, 2011; Zanos et al., 2011) we
computed the power spectrum of the recordedMUA spike trains
Figure 6. Time-Frequency LFP Modulation
(A) Time-frequency plot during physical alternation, averaged across the population of significantly sensory modulated sites. The average (across trials) spec-
trogram of each recording site for preferred to nonpreferred transitions was subtracted from the respective spectrogram obtained for nonpreferred to preferred
transitions.
(B) Same as (A) during BFS. High-frequency modulation was retained during almost one second of subjective visual perception. In addition, 15–30 Hz power
slightly decreased during the perceptual dominance of a preferred pattern specifically during BFS, as indicated by arrows in (A) and (B). See also Figure S6.
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tivity to the respective selectivity of the LFP for each recording
site. We found that the power spectral density (PSD) of the
MUA signal in the LFP frequency range is negligible compared
to the PSD of the LFP signal (see Figure S5 and Supplemental
Information). Most important, the differences in the PSD selec-
tivity are minimal and they do not seem adequate to explain
the magnitude of the respective selectivity of the gamma LFP
signal in the frequency range we examined (up to 140 Hz). There-
fore, the gamma LFP spectral power most likely reflects compo-
nents of neural activity that are not observed when the MUA
spectral power is taken into account. The analog filtering (‘‘LFP
board’’) used in our recordings was recently shown to be insen-
sitive to spectral contamination when nontemporal measures of
the LFPs (such as the tuning of the spectral power) are used
(Zanos et al., 2011). Indeed, we further tested the effect of im-
porting our recorded spike trains to our recording system and
measured the effects on the LFP channel. We found that our
hardware filtering did not permit any detectable effects in the
LFP channel. A more detailed analysis of the relationship
between gamma LFPs and spiking activity is beyond the scope
of this study. However, future experiments should definitely
exploit the comparison of BFS to sensory stimulation as a para-
digm that could potentially dissociate spiking activity from high-
frequency LFPs.
Interestingly, we observed a trend for a BFS-specific power
modulation between 15 and 30 Hz (i.e., in the cortical rhythmthat, apart from the low frequencies, appears to dominate the
LPFC power spectra). During the perceptual dominance of
a preferred (by the MUA and high-frequency LFP power) visual
pattern (Figures 5B–5D), 15–30 Hz LFP power decreased. In
striking contrast, oscillatory power in the same frequency range
during physical alternation was not modulated (Figures 5A, 5C,
and 5D). The difference in the 15-30 Hz LFP power sensitivity
between sensory stimulation and BFS was statistically signifi-
cant (d0sensory LFP = 0.02 ± 0.03, d0perceptual LFP = 0.11 ± 0.04;
p < 0.03). The effect is due to a small (0.3 dB/Hz) but significant
power decrease when a preferred stimulus is perceived under
BFS. Although this result shows a trend for desynchronization
in the beta band, statistical significance disappears following
a Bonferroni correction for multiple comparisons.
The power modulation of high frequencies (50–200 Hz) lasts for
thewholedurationof the trial and follows themodulationof spiking
activity (Figure 6A). The same pattern is observed during BFS
(Figure 6B) where perceptual modulation between 50 and
200 Hz lasts for most of the duration of ambiguous stimulation
(i.e., t = 1,001–2,000 ms). The marked drop in 15–30 Hz power
during the perceptual dominance of a preferred stimulus can be
observed for the same period that high-frequency power
increasesandalso lasts formostof the trial duration. Theobserved
LFP power modulations are not due to any possible transient
effects observed immediately following the stimulus switch/flash.
Spectral power analysis of the same data for the last 500 ms of
the trials showed that both high- and intermediate-frequencyNeuron 74, 924–935, June 7, 2012 ª2012 Elsevier Inc. 931
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duration of the trial is taken into account (Figure S6).
DISCUSSION
Mechanisms like image segmentation, figure-ground segrega-
tion, and perceptual grouping mediate perceptual organization
and, therefore, subjective visual perception (Pomerantz and
Kubovy, 1986; Logothetis, 1998). During ambiguous visual stim-
ulation, the competitive interactions underlying these mecha-
nisms are believed to be reflected in the neural responses
observed in lower and intermediate cortical areas, where consid-
erable activity is elicited during the perceptual suppression of
a preferred stimulus (Gail et al., 2004; Keliris et al., 2010; Leopold
and Logothetis, 1996; Logothetis and Schall, 1989; Maier et al.,
2007; Wilke et al., 2006). In striking contrast, other studies
indicated that conscious visual perception is explicitly repre-
sented in the spiking activity of the primate temporal lobe, an
association cortical area (Kreiman et al., 2002; Sheinberg and
Logothetis, 1997). Here, we dissociated sensory stimulation
from ambiguous visual perception and studied the neural corre-
lates of visual awareness in the macaque LPFC, one step further
in the visual hierarchy. We found a robust representation of
phenomenal perception by spiking activity (very similar to the
temporal lobe) and high-frequency (>50 Hz) LFPs.
Explicit Representation of Visual Awareness by
Neuronal Discharges in the LPFC
Comparing the magnitude of feature-selective neuronal modula-
tion during subjective visual perception with the respective
magnitude during purely sensory stimulation has been exten-
sively used to study the relative contribution of different cortical
areas to visual consciousness. Spiking activity and gamma oscil-
lations in V1/V2 are generally found to exhibit small perceptual
modulation in a variety of ambiguous perception tasks (Keliris
et al., 2010; Leopold and Logothetis, 1996; Logothetis and
Schall, 1989; Wilke et al., 2006). However, despite the fact that
the output of V1/V2 (reflected in spiking activity) is largely unaf-
fected by the perceptual state, low-frequency LFPs are found
to be more consistently modulated (Keliris et al., 2010; Maier
et al., 2007; Wilke et al., 2006), potentially explaining human
fMRI results showing significant perceptual modulation of the
BOLD signal in V1 during BR (Lee et al., 2005; Haynes and
Rees, 2005; Lee and Blake, 2002; Polonsky et al., 2000; Tong
and Engel, 2001). Sparse evidence suggests that modulation
of low-frequency LFPs in V1 during ambiguous perception is
temporally delayed (Gail et al., 2004; Maier et al., 2007), indi-
cating that V1 BOLD modulation could reflect feedback from
higher, perceptually modulated, cortical areas (and/or top-
down attentional effects; see Watanabe et al., 2011). Indeed,
neuronal discharges in the macaque and human temporal lobe
(STS/IT for macaque, MTL for human) during ambiguous visual
stimulation represent subjective perception in an all-or-none
manner (Kreiman et al., 2002; Sheinberg and Logothetis, 1997).
Therefore, perceptual modulation in the temporal cortex was
proposed to reflect a stage of cortical processing where visual
ambiguity has already been resolved and neural activity reflects
phenomenal perception rather than the retinal, sensory input.932 Neuron 74, 924–935, June 7, 2012 ª2012 Elsevier Inc.Our findings show that spiking activity and the power of high-
frequency LFPs in the macaque LPFC, a cortical area recipro-
cally and monosynaptically connected to the temporal lobe
(Barbas, 1988; Borra et al., 2010; Webster et al., 1994; Yeterian
et al., 2012), also reflect subjective visual perception in a manner
close to all-or-none. In particular, we observed that the magni-
tude of SUA and MUA perceptual modulation in the macaque
LPFC is significantly higher than the respective magnitude in
lower visual cortical areas during BFS/BR (Gail et al., 2004; Ke-
liris et al., 2010; Leopold and Logothetis, 1996; Logothetis and
Schall, 1989) and largely follow phenomenal perception. There-
fore, the results presented in this study suggest that the LPFC
and temporal cortex could consist a corticocortical network crit-
ically involved in explicit processing of stimulus awareness.
Assuming a feed-forward scheme, it is possible that perceptually
related activity is transferred from the STS/IT to the LPFC
through the well-described anatomical connections between
these two areas. However, these connections are reciprocal,
indicating that the direction of perceptual modulation flow could
as well follow the opposite direction (i.e., from the LPFC to the
IT/STS cortex). Our results did not allow us to draw any solid
conclusions regarding the flow of perceptual information. We
observed, however, that the mean SUA and MUA perceptual
latencies started to become significant at approximately
220 ms following the stimulus flash, thus looking very similar to
the latency reported by Sheinberg and Logothetis (1997) for
STS/IT cortex. Perceptual information flow between STS/IT
and LPFC could also follow a transthalamic pathway, since
both cortical areas connect to the pulvinar nucleus of the thal-
amus (Barbas et al., 1991; Contini et al., 2010; Romanski et al.,
1997; Webster et al., 1993). Interestingly, perceptual modulation
of spiking activity is surprisingly high in the dorsal pulvinar (which
receives mostly afferents from the frontal cortex), where MUA
activity in 60% of the recorded sites is modulated during gener-
alized flash suppression but absent in the lateral geniculate
nucleus during BR (Lehky andMaunsell, 1996;Wilke et al., 2009).
Futureexperiments employing simultaneouselectrophysiolog-
ical recordings in the temporal cortex and LPFCduringBRof BFS
could (a) allow monitoring of perceptual latencies and directed
functional connectivity and thus hint at the direction of interareal
perceptual information flow and (b) elucidate which features of
functional connectivity between these two cortical areas are
related to the emergence of conscious visual perception.
Weak Traces of Nonconscious Stimulus Processing in
the LPFC
Interestingly, we observed some weak traces of nonconscious
stimulus processing in the pattern of the mean MUA responses
during the perceptual dominance of a nonpreferred stimulus.
Specifically, the mean spiking activity was not suppressed but
instead was slightly increased, compared to monocular stimula-
tion with the same, nonpreferred stimulus. The magnitude of this
spiking activity was still significantly lower than the respective
magnitude of the discharge response when a preferred stimulus
was perceptually dominant. However, the maintenance of a,
higher than the sensory condition, firing rate during the suppres-
sion of a preferred stimulus could reflect an ongoing subliminal
process related to the nonconscious processing of a preferred
Neuron
Visual Awareness in the Prefrontal Cortexvisual pattern in the LPFC.Most likely, the effect we report here is
not due to working memory, since we found that spiking activity
is robustly suppressed when the preferred stimulus is not phys-
ically present. Rather, this result could be more related to
a subliminal mechanism of nonconscious processing that coex-
ists with the dominant mechanism of explicit, conscious pro-
cessing in the LPFC and resembles the recently demonstrated
activation of the inferior frontal cortex during the presentation
of an unconscious no-go stimulus in human fMRI and electroen-
cephalogram (EEG) studies (van Gaal et al., 2008, 2010). It is
likely that spontaneous fluctuations in such residual, subliminal
activity might be tightly related to the spontaneous perceptual
alternations observed in BR.
Perceptual Modulation of LFPs in the LPFC
We also observed that high-frequency (>50 Hz) LFPs in the LPFC
reflect subjective visual perception, while power in the beta
frequency band (15–30 Hz) exhibited a tendency to decrease
during the phenomenal perception of a preferred stimulus.
Despite the fact that synchronous neural activity in the gamma
frequency range has been suggested to mediate visual aware-
ness (Crick and Koch, 1990), no evidence has been found until
now for significant gamma modulation during conscious visual
perception in the macaque cortex. Our findings suggest that
this is most likely because LFPs have been studied in sensory
cortices where perceptual modulation is generally weak but
not in association cortices where neural activity appears to be
more correlated to phenomenal perception. Indeed, both the
power and interelectrode coherence of high-frequency oscilla-
tions in lower visual areas are not significantly modulated during
perceptual suppression (Gail et al., 2004; Keliris et al., 2010; Ma-
ier et al., 2007; Wilke et al., 2006; but see Fries et al. [1997, 2002]
for some opposite results in studies with strabismic cats). Thus,
to our knowledge, our findings provide the first concrete indica-
tion that high-frequency oscillations reflect conscious percep-
tion in themacaque cortex. However, this correlate is not located
in a primary sensory area such as V1 but in a higher association
area such as the LPFC, in sites where spiking activity also
reflects conscious perception. High-frequency oscillations in
the gamma range have indeed been associated to conscious
processing in a plethora of noninvasive human EEG and magne-
toencephalography studies (for an extensive review, see De-
haene and Changeux, 2011). In a recent study employing visual
masking, gamma power was increased and beta decreased
during conscious processing, particularly in the frontal cortex,
a result remarkably similar to our findings (Gaillard et al., 2009).
An increase in the gamma power accompanied by long-distance
gamma synchrony was also observed in frontotemporal and pa-
rieto-occipital electrodes approximately 200 ms after the
presentation of a Mooney face but not when the face was in-
verted and, thus, not recognized (Rodriguez et al., 1999). Inter-
estingly, in the same study phase, desynchronization coexisted
with above average gamma activity.
‘‘Frontal Lobe Hypothesis’’ and Global Networks
Mediating Conscious Perception
In conclusion, our findings support the ‘‘frontal lobe hypothesis’’
of conscious visual perception (Crick and Koch, 1998), suggest-ing that the neural correlates of consciousness (NCC) should be
related to explicit neural activity with direct access to planning
stages of the brain, like the prefrontal cortex. In fact, our results
demonstrate that the NCC are embedded in the LPFC, a cortical
area having direct connections to premotor and motor cortices,
thus with direct access to motor output. However, the fact that
neural activity in two cortical areas (LPFC and temporal cortex)
reflects phenomenal perception in an all-or-none manner
supports the view that consciousness is not localized in a unique
cortical area but, rather, is an emergent property of global
networks of neuronal populations (Blake and Logothetis, 2002).
EXPERIMENTAL PROCEDURES
Electrophysiological Recordings and Stimulus Presentation
The cranial headpost, scleral eye coil, and recording chamber were implanted
in two monkeys under general anesthesia using aseptic and sterile conditions.
The recording chamber (18 mm in diameter) was centered stereotaxically
above the LPFC (centered toward the inferior convexity of the LPFC, defined
as the area anterior to the arcuate and ventral to the principal sulcus) based
on high-resolution MR anatomical images collected in a vertical 4.7 T scanner
with a 40-cm-diameter bore (Biospec 47/40c; Bruker Medical, Ettlingen,
Germany).
We used custom-made tetrodes made from Nichrome wire and electro-
plated with gold to decrease the impedances below 1 MU. We recorded
LFP signals by filtering the raw voltage signal using analog band bass filtering
(high-pass set at 1 Hz and low-pass at 475 Hz) and digitized at 2 kHz (12 bits).
MUAwas defined as the events detected in the high-pass analog filtered signal
(0.6–6 kHz) that exceeded a predefined threshold (typically, 25mV) on any
tetrode channel. The 0.6–6 kHz recorded signal was sampled at 32 kHz and
digitized at 32 kHz (12 bits). The recorded signals were stored using the
Cheetah data acquisition system (Neuralynx, Tucson, AZ, USA). We identified
single units by employing a spike-sorting method using the first three principal
components of the recorded waveforms as features (a method previously
described in Tolias et al., 2007). Eye movements were monitored online and
stored for offline analysis using the QNX-based acquisition system (QNX Soft-
ware Systems Ltd.) and Neuralynx. Visual stimuli were displayed using a dedi-
cated graphics workstation (TDZ 2000; Intergraph Systems, Huntsville, AL,
USA) with a resolution of 1,280 3 1,024 and a 60 Hz refresh rate, running an
OpenGL-based stimulation program. All procedures were approved by the
local authorities (Regierungspra¨sidium Tu¨bingen, Tu¨bingen, Germany) and
were in full compliance with the guidelines of the European Community
(EUVD 86/609/EEC) for the care and use of laboratory animals.
Behavioral Task and Data Analysis
Before the beginning of each data set, a number of visual stimuli was pre-
sented, and, based on theMUA response, a preferred stimulus that could drive
neuronal activity better was contrasted to a nonpreferred stimulus that
induced less robust responses. In most of our experiments, we found that
the stimuli depicted in Figure 1 elicited robustly selective responses. Stimuli
were foveally presented with a typical size of 2–3.
In both BFS and physical alternation trials, a fixation spot (size, 0.2; fixation
window, ±1) is presented for 300 ms (t = 300–0 ms), followed by the same
visual pattern (a polar checkerboard in the paradigm presented in Figure 1)
to one eye (t = 1–1,000 ms). In BFS trials (Figure 1A, ‘‘Flash suppression’’),
1 s after stimulus onset, a disparate visual pattern (here, a monkey face) is
suddenly flashed to the corresponding part of the contralateral eye. The
flashed stimulus remains on for 1,000 ms (t = 1,001–2,000 ms), robustly sup-
pressing the perception of the contralaterally presented visual pattern, which
is still physically present. In the physical alternation trials (Figure 1A, ‘‘Physical
alternation’’), the same visual patterns are physically alternating between the
two eyes, resulting in a visual percept identical to the perceptual condition
(Figure 1,middle panel) but this timewithout any underlying visual competition.
At the end of each trial and after a brief, stimulus free, fixation period
(100–300 ms), a drop of juice was used as a reward for maintaining fixation.Neuron 74, 924–935, June 7, 2012 ª2012 Elsevier Inc. 933
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suppression, we trained a different monkey to report BFS by pulling levers
for the two different stimuli used in our recordings. Whenever a stimulus was
dominant, the monkey had to keep the lever pulled and then release it and
pull the other lever to report a perceptual switch. We recorded the time
following the onset of flash suppression that the monkey released the lever
for the flashed stimulus, thus indicating the occurrence of a perceptual switch.
To determine the contribution of LPFC in visual awareness, we compared
the ‘‘sensory’’ stimulus preference during physical alternation to the ‘‘percep-
tual’’ stimulus preference for each single unit and recording site during BFS.
Similar sensory and perceptual stimulus preference indicates that sensory
modulated units/sites continue to follow the perception of a preferred stimulus
during rivalrous stimulation (BFS). We computed a preference index for each
unit/site and each condition (physical alternation, d0sensory SUA/MUA; and BFS,
d0perceptual SUA/MUA) as following:
d0 =
mpreferred  mnon preferredﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ




where mpreferred and mnon preferred are the mean discharge responses to the
preferred and the nonpreferred visual patterns from t = 1,001–2,000 ms andﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃðvarpreferred + varnon preferredÞ=2
p
is the pooled variance of the two response
distributions during the same time window. A positive d0 in both conditions
indicates units/sites that retained their preference in the BFS, while a negative
d0 in the BFS condition indicates units/sites that fired more when their
preferred stimulus was perceptually suppressed. Statistically significant
modulations for each unit/site were identified by using a Wilcoxon rank-sum
test to compare the two response distributions (consisting of the total number
of spike counts from t = 1,001–2,000 for the preferred and the nonpreferred
stimuli, across all trials). Where appropriate, p values were corrected (and con-
verted to q values) using the FDR method (Benjamini & Hochberg (1995)).
The PSD of the raw LFP signals from t = 1,001 to t = 2,000 ms was estimated
using the multitaper method (Thomson, 1982). This method uses linear or
nonlinear combinations of modified periodograms to estimate the PSD. These
periodograms are computed using a sequence of orthogonal tapers (windows
in the frequency domain) specified from the discrete prolate spheroidal
sequences. Selectivity of spectral power was computed using the d0 for
narrow frequency bins of 1 Hz (d0sensory LFP and d0perceptual LFP) for sites where
MUA exhibited significant sensory selectivity. Time frequency analysis was
carried out by computing a spectrogram in each trial using overlapping
(94%) 256 ms windows and then averaged across all trials.SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures and Supplemental Experimental
Procedures and can be found with this article online at doi:10.1016/j.neuron.
2012.04.013.
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